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The eukaryotic nucleus has been the neglected child of cell biology. The ‘‘International Symposium
on Functional Organization of the Nucleus’’ held in January on Awaji Island, Japan, highlighted recent
work on nuclear organization and function. Emerging from this conference was a holistic view in
which diverse chemical and physical signals link the nuclear and cytoplasmic compartments of cells.For many years it was assumed that nuclear processes
such as transcription, replication, and repair occurred
simply randomly within the nuclear space and that there
was little rhyme or reason to how chromosomes and chro-
matin were arranged in the interphase nucleus. Ground-
breaking work over the last decade has revealed a fasci-
nating and complex nuclear landscape in which many
nuclear functions occur in dedicated subcompartments
and the genome is nonrandomly organized. The impor-
tance of nuclear architecture is now evident from its in-
volvement in essential physiological processes, including
development, stem cell differentiation, and aging, culmi-
nating in the discovery that mutations in prominent struc-
tural proteins of the nucleus cause diverse human dis-
eases. The emerging physiological relevance of nuclear
architecture has inspired the field to both further examine
the fundamental principles of nuclear architecture in more
detail and to apply these insights to uncovering disease
mechanisms. The ‘‘International Symposium on Func-
tional Organization of the Nucleus’’ showcased new work
in the field. The meeting was superbly organized by Ya-
sushi Hiraoka and Tokuko Haraguchi, with input from
Abby Dernburg and Kathy Wilson.
Links between the Nuclear Envelope, Cellular
Architecture, and Human Disease
A watershed in the investigation of nuclear organization
was the discovery in the mid-1990s that mutations in
genes encoding the nuclear envelope (NE) components
emerin (EMD) or lamin (LMNA) underlie many cases of
Emery-Dreifuss muscular dystrophy (EDMD), a heritable
degenerative disease that leads to muscle wasting and
cardiomyopathy (reviewed by Capell and Collins, 2006).
The search for molecular mechanisms for this and other
diseases caused by mutations in lamins has lead to an
emerging awareness that the nuclear envelope is far
more than a passive physical boundary between the two
major cellular compartments. The envelope links the nu-
cleus to the rest of the cell, not only by harboring pores
that regulate molecular transport in and out of the nucleus,
but also through direct interactions with cytoskeletal ele-
ments, including cytoplasmic actin andmicrotubules. Fur-
thermore, the envelope modulates important signaling
pathways, particularly TGF-b regulation through SMADs.In addition, the envelope interacts extensively with both
chromatin and the cell division machinery. These insights
have stimulated major new discoveries in the field, but
have also widened the range of possible explanations for
the pathologies associated with NE defects. For example,
it remains unclear whether the symptoms of EDMD result
directly fromstructural defects in thenuclei ofmuscle cells,
perhaps causing fragility in cells under unusual physical
stress, alterations in gene expression programs, or other
consequences of these molecular defects. Yet another
scenario is added by Robert Goldman (Northwestern Uni-
versity, Chicago), whose laboratory has uncovered differ-
ences in histone methylation patterns in cells expressing
lamin A mutants known to cause EDMD, supporting the
idea that aberrant regulation of gene expression, DNA rep-
lication, and/or other epigenetic functions may underlie
EDMD and other lamin-related diseases.
Although mutations in the EMD and LMNA genes
account for many cases of EDMD, other cases have re-
mained unexplained at a molecular level. Based on recent
evidence that emerin functionally interacts with a class of
nuclear envelope proteins called nesprins, Catherine
Shanahan (University of Cambridge, UK) has searched
for mutations in nesprin genes among EDMD patients
with unknown etiology, and she found a small number of
unique sequence variants in Nesprin-1 and -2 that poten-
tially contribute to the disease. To complement these
studies, she has analyzed the functions of these nesprin
proteins in cultured cells. Nesprin depletion by siRNA re-
sulted in defects in nuclear morphology that mimic the
aberrant phenotypes seen in fibroblasts from EDMD pa-
tients. This work provides direct evidence of the impor-
tance of connections between the nucleus and the cyto-
plasm in the normal function of skeletal and heart
muscle cells. Nesprins comprise a large and growing fam-
ily of proteins with modular structures that enable them to
interact with diverse cytoplasmic components. Brian
Burke (University of Florida) described a newly discovered
isoform called nesprin 4 that is highly expressed in secre-
tory cells, and he also demonstrated that members of the
SUN domain family of proteins, which anchor the nesprins
to the nuclear envelope, have distinct localization and pro-
tein interaction activities. This diversity of potential form
and function among the SUN-nesprin proteins is likely
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mutations in broadly expressed nuclear envelope compo-
nents such as emerin and lamins.
To further complicate the relationship between human
disease and the nuclear envelope, while some mutations
in the LMNA gene result in EDMD, other lesions in this
gene lead to distinct pathologies, including disorders of
lipid metabolism and also a very distinct human disease,
Hutchinson-Gilford progeria syndrome (HGPS). HGPS is
characterized by the striking emergence of premature ag-
ing symptoms such as loss of hair and subcutaneous fat
and arteriosclerosis in affected children, most of whom
die of cardiac arrest by their mid-teens. However, other
age-related phenotypes, particularly neural dysfunction,
are curiously absent in these patients; this has led to ex-
tensive debate about the relationship between this proge-
ria syndrome and normal aging. Cells from these patients
show cellular defects that are strikingly similar to normally
aged cells when grown in culture (Scaffidi and Misteli,
2006), yet the direct cause of these in vitro and in vivo de-
fects is still unclear. A recent hypothesis is that a defect in
DNA repair may be causative in this disorder since HGPS
cells show elevated levels of DNA damage, and mutations
in several DNA repair factors cause other premature aging
syndromes. Colin Stewart (National Cancer Institute,
Frederick, MD) has created an experimental model for a
progeroid disease by deleting exon 9 of the mouse LMNA
gene, which resulted in a similar spectrum of symptoms to
those seen in HGPS patients (Mounkes et al., 2003). This
facilitated a genome-wide analysis in which mRNA ex-
pression in mutant fibroblasts was compared to control
cells from littermates. Remarkably, about 35%of themost
dramatically affected genes have functions related to the
extracellular matrix (ECM), suggesting that the progeria-
associated symptomsmaymore directly result from struc-
tural defects in ECM. These findings could profoundly al-
ter the way we understand some aspects of normal aging,
and also may guide new approaches to treat this severe
disorder.
Cockayne’s syndrome, which results in retarded growth
and nervous system defects, has also been attributed to
defects in DNA repair, since it arises due to mutations in
a number of DNA repair genes, including XPB. Other mu-
tations in this particular human gene give rise to a subset
of cases of Xeroderma pigmentosum, a tumor predisposi-
tion syndrome characterized by extreme sensitivity to UV
irradiation. However, work from Tokio Tani (Kumamoto
University) has identified the fission yeast ortholog of
XPB, ptr8, in a screen for mutants with temperature-
sensitive defects in mRNA export from the nucleus. He
showed that the human XPB gene can functionally rescue
these export defects when expressed in S. pombe cells
lacking ptr8 function, suggesting that XPB in humans
may play a previously unrecognized role in mRNA trans-
port. This led him to suggest the provocative idea that
Cockayne’s syndromemay result frommRNAmetabolism
defects rather than repair problems (Mizuki et al., 2007).
Further experiments in mammalian cells should help to
clarify this interesting hypothesis.330 Developmental Cell 12, March 2007 ª2007 Elsevier Inc.Several groups are exploring the function of the myste-
rious chromatin component BAF (barrier-to-autointegra-
tion factor). BAF was originally identified because it is
exploited by retroviruses to integrate into host genomes
and protects them against autointegration. This protein in-
teracts directly with nuclear envelope proteins emerin and
LAP2b, as well as histones, and plays crucial, but still
ill-defined, roles in dividing cells. Work from the labs of
Yossi Gruenbaum (HebrewUniversity, Jerusalem) and Iain
Mattaj (EMBL, Heidelberg) has implicated the C. elegans
homolog BAF-1 in chromosome segregation and nuclear
envelope reformation following mitosis (Gorjanacz et al.,
2007; Margalit et al., 2005). The Gruenbaum lab recently
found that expression of key developmental genes, in-
cluding cell fusogens, may be directly controlled by
BAF-1. In parallel to these studies in nematodes, the
group of Tokuko Haraguchi (Kansai Advanced Research
Center) has detected mitotic defects in BAF-depleted hu-
man cells. Using multiscale imaging methods, they found
that BAF concentrates at a particularly dense ‘‘core’’ re-
gion of the nuclear envelope along the edge of chromo-
somes in telophase nuclei, which they hypothesize may
shield the decondensing chromosomes from damage by
projecting spindle microtubules.
Regulation of Nuclear Import as a Determinant
of Cell Fate
A steady stream of proteins and RNAs are continuously
transported between the twomajor cellular compartments
through the activities of the nuclear import and export
machinery. Two presentations highlighted new evidence
showing that the transport machinery itself may be regu-
lated in ways that contribute to cell differentiation and de-
velopment. Mari Iwabuchi and Keita Ohsumi (Tokyo Insti-
tute of Technology) showed that in frog oocytes arrested
at prophase of meiosis I, much of the importin alpha pro-
tein is sequestered away from the nucleus in cytoplasmic
membranous structures known as annulate lamellae.
Upon resumption of meiosis, importin alpha is released
to the cytosol, resulting in a dramatic increase in nuclear
import of NLS-containing proteins. Injection of excess im-
portin alpha into oocytes resulted in their degeneration,
supporting the idea that the sequestration of importin
may be critical to maintain oocyte viability during their
long arrest at metaphase of meiosis I. An intriguing ques-
tion for future investigation is whether relatedmechanisms
might also be important for the viability of human oocytes
over their much-longer meiotic arrest. Yoshihiro Yoneda
and Noriko Yasuhara (Osaka University) documented ma-
jor changes in the expression of importin alpha subtypes
as ES cells differentiated to form neurons in culture. In plu-
ripotent ES cells, the most prevalent subtype is importin
alpha1, while the alpha5 form is undetectable, but during
neuronal differentiation the relative expression of these
two subtypes switches. Amazingly, knockdown of alpha1
combined with ectopic expression of alpha5 in ES cells
was sufficient to induce expression of neuron-specific
transcription factors and neuronal differentiation, indicat-
ing that the control of importin alpha subtype expression
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ferentiation mechanisms (Yasuhara et al., 2007).
Nuclear Compartmentalization
A hallmark of nuclear architecture is the presence of sub-
compartments within the nuclear interior (Lamond and
Spector, 2003). This compartmentalized organization is
thought to optimize the efficiency of nuclear metabolism
by establishing specialized microenvironments in which
components dedicated to individual processes are en-
riched. Although morphological descriptions of these
structures are well known, the details of their contents
are still murky, in part because of the sheer number of
components that they contain and the fact that these
components are highly dynamic. Angus Lamond (Univer-
sity of Dundee), in close collaboration with Matthias
Mann (Max Planck Institute, Martinsried), has developed
comparative mass spectroscopy methods that promise
to overcome both of these obstacles. Using multiple iso-
tope labels simultaneously, it is now possible to follow
the dynamics of redistribution of all proteins within a major
compartment such as the nucleolus. For example, the
changes in composition of the nucleolus in response to in-
hibition of RNA polymerase I have been mapped system-
atically using this method (Andersen et al., 2005). These
experiments provide novel insights into subcomplexes
within the organelle and show that a large fraction of newly
synthesized ribosomal proteins are continuously de-
graded. Furthermore, modifications of these methods
can be used to probe protein-protein interactions and pro-
tein localization. This approach should provide a powerful
tool to define the proteome of nuclear compartments and
relate it to physiological changes over time.
One of the key questions in the field of nuclear compart-
ments is how they are morphologically established and
maintained. Current models envision either assembly of
compartments around stable architectural proteins or for-
mation of compartments by mechanisms of self-organiza-
tion (reviewed in Misteli, 2007). Although it is likely that the
various compartments form via different mechanisms,
Noriko Saitoh (Kumamoto University) presented intriguing
data implicating sumoylation in the biogenesis of multiple
compartments. Using an in situ sumoylation assay, she
demonstrated sumoylation at the nuclear periphery by
the nuclear pore associated protein RanBP2/Nup358
(Saitoh et al., 2006). Remarkably, elimination of RanBP2
affected the morphology of several nuclear compart-
ments, including PML bodies. Although it is not clear at
present how sumoylation and RanBP2 bring about these
changes, it represents one of the first molecularly tracta-
ble pathways for maintaining nuclear architecture.
Other presentations highlighted additional mechanisms
that contribute to the dynamic localization of nuclear com-
ponents. Naoko Imamoto (RIKEN, Saitama) reported that
importin b plays a key role in targeting the kinesin-like pro-
tein hKID to mitotic chromosomes, distinct from its role in
nuclear import. Masahiko Harata (Tohoku University) has
been exploring the enigmatic roles of actin-related pro-
teins (Arps), which have been copurifiedwith diverse chro-matin-remodeling complexes. He offered evidence that
Arp6 inS. cerevisiae and Arp5 in human cells each play es-
sential roles in nuclear architecture independent of the
SWR-C and INO80 complexes, respectively, with which
these proteins are also physically associated. Although
actin is more widely known for its roles in cytoplasmic
structure and function, actin polymerization has recently
been implicated in chromosome movement during meio-
sis (Trelles-Sticken et al., 2005). Now Akira Shinohara
(Osaka University) has copurified actin in a complex with
other important regulators ofmeiotic chromosome organi-
zation, including the SUN domain protein Mps3. Interest-
ingly, orthologs of Mps3 have been implicated in moving
meiotic chromosomes through connections to the micro-
tubule cytoskeleton in S. pombe (Yasushi Hiraoka, Kansai
Advanced Research Center) and C. elegans (Abby Dern-
burg, LBNL and UC Berkeley), providing further evidence
for rapid evolution among the structures and mechanisms
that connect the nuclear envelope to cytoskeletal
components.
A recently discovered novel role of nuclear compart-
mentalization is the retention of noncoding RNAs in intra-
nuclear domains as a means to regulate gene expression
(Prasanth et al., 2005). A prototypical example is the CTN
RNA, which is withheld in the nucleus in the paraspeckle
compartment until it is exported to the cytoplasm as part
of the cellular stress response. Shinichi Nakagawa (RIKEN,
Wako) described another fascinating example of a nuclear
retained, noncoding RNA. This novel 9 kb RNA is polyade-
nylated like anmRNA, though it lacks any apparent coding
sequences. It is retained in the nucleus in numerous dis-
tinct speckles that do not colocalize with any known com-
partments. Mice lacking this noncoding RNA have no ap-
parent defects, but its selective expression in a subset of
postmitotic neurons inwild-type animals raises the intrigu-
ing possibility that it has a role in modulation of behavior.
The primary function of nuclear compartmentalization is
to segregate different nuclear processes from each other.
A well-studied example of such compartmentalization is
the nuclear periphery in yeast, which can act both as
a transcriptionally activating as well as a repressing envi-
ronment (Casolari et al., 2004). An additional function for
the yeast periphery is now emerging in DNA damage re-
pair. A recent study indicated that the Nup84-subcomplex
of the nuclear pore enhances DNA repair efficiency (Ther-
izols et al., 2006). Susan Gasser (Friedrich Miescher Insti-
tute, Basel) confirmed this possibility by imaging experi-
ments in which the movement of broken chromosome
ends is directly visualized in living cells. She finds that
upon DNA damage the processed but unrepaired DNA
ends move to the nuclear periphery, where they become
immobilized. In line with published genetic observations,
the peripheral immobilization requires the Nup84 com-
plex. The situation seems to be somewhat different in
mammals, since in cultured cells broken chromosome
ends appear to be immobilized internally in a Ku-depen-
dent manner (Tom Misteli, National Cancer Institute, Be-
thesda, MD). This may reflect differences in the dominant
repair pathways of different cells in that budding yeastDevelopmental Cell 12, March 2007 ª2007 Elsevier Inc. 331
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nation, whereas nonhomologous end joining is employed
more extensively in mammalian cells.
Chromatin Structure and Assembly
Despite the fundamental importance of higher order chro-
matin structure in virtually every aspect of genome func-
tion, including gene expression and genome stability, re-
markably little is known about the in vivo organization of
chromosomes and chromatin (Woodcock, 2006). While
organization of the chromatin fiber into 10 nm and 30 nm
structural units has been well established by biochemical
experiments, the nature of higher order chromatin struc-
ture in vivo has been more elusive. A major step forward
occurred in 1996 when Andrew Belmont developed a rev-
olutionary approach by tagging DNA in vivo with bacterial
lac operator sequences, which could be visualized by ex-
pression of a fluorescently labeled lac repressor binding
protein (Robinett et al., 1996). Since then, the Belmont
group has systematically probed the in vivo folding of
the chromatin fiber under various conditions. Remarkably,
Belmont (University of Illinois) now reports that while de-
condensation accompanies transcriptional activation as
expected, the compaction level of active chromatin is still
significantly higher than the 30 nm fiber. Since these
observations are made in living cells, they suggest that
transcription in vivo occurs in relatively condensed chro-
matin. Similar observations have recently been made in
several other systems using in situ and live cell imaging
methods of gene arrays (Muller et al., 2004; Sharp et al.,
2006).
A key challenge in determining chromatin structure
in vivo is the difficulty of visualizing chromatin structures
at the 50–500 nm level of resolution, which lies between
the optimal resolution ranges of electron and optical mi-
croscopy. Kazuhiro Maeshima (RIKEN, Saitama) reported
on his efforts to use X-ray scattering to probe the struc-
tural properties of mitotic chromosomes. This approach
suggests that much of the chromosomal organization, at
least in mitotic chromosomes, might be irregular and
only contains limited recurrent higher order structural
motifs, although the precise nature of these motifs is
unknown. An entirely different, complementary approach
was introduced by Takashi Ohyama (Waseda University),
who has used computational sequence analysis to probe
local chromatin properties. He finds that a significant frac-
tion of human genes contain a short, highly flexible region
at their transcription start site. This is an intriguing finding
since recent global mapping of nucleosome positions has
revealed a nucleosome-free region at the transcription
start site (Liu et al., 2005).
A complete understanding of chromatin structure will
require elucidation of how chromatin is assembled. Chro-
matin assembly occurs most actively immediately follow-
ing replication during S phase, when core and linker
histones are deposited on the newly synthesized DNA
(McNairn and Gilbert, 2003). Several histone chaperones,
including ASF-1, CAF-1 andNAP-1,which escort core and
linker histones onto the DNA, have been identified through332 Developmental Cell 12, March 2007 ª2007 Elsevier Inc.biochemical purification. Hiroshi Kimura (Kyoto University)
has nowdeveloped an ingenious in vivo chromatin assem-
bly assay using permeabilized cells (Kimura et al., 2006).
This system has the advantage of using intact chromatin
in the context of the cell nucleus as a template rather than
reconstituted chromatin fibers in vitro. Using this system,
Kimura has identified the protein phosphatase PP2Cg as a
novel H2A/H2B chaperone. Interestingly, PP2Cg also
appears to act on H2AX, a core histone intimately involved
in DNA damage repair.
Although some of the factors involved in assembling/
disassembling nucleosomes are being identified, how
exactly a nucleosome is created and remodeled during
replication is unclear. Very elegant X-ray crystallography
studies by Masami Horikoshi (University of Tokyo) in col-
laboration with Toshiya Senda (National Institute of Ad-
vanced Industrial Science and Technology, Tokyo) show
that the histone chaperone CIA/Asf1 binds to the same
site in the core histone H3-H4 dimer as is used to bind
to another H3-H4 dimer when they form the histone (H3-
H4)2 tetramer. Because of the mutually exclusive binding
geometry of its partners, they speculate that this complex
is an intermediate in nucleosome assembly/disassembly.
Furthermore, Horikoshi demonstrates that CIA/Asf1 has
a histone (H3-H4)2 tetramer-disrupting activity, suggest-
ing that CIA/Asf1 is critical for the conservation of epige-
netic information by splitting the two H3-H4 dimers during
replication (Natsume et al., 2007).
Another fundamentally important chromatin assembly
process is the formation of the kinetochore on centromeric
regions of mitotic chromosomes. Proteomic approaches
are now used to identify novel kinetochore and centro-
mere components that have escaped more conventional
purification methods and to test their functional roles
(Okada et al., 2006). Tatsuo Fukagawa (National Institute
of Genetics, Shizuoka) has identified novel CENP-H/I
complex-associated proteins and finds that loss of one
of them, CENP-50, delays exit from mitosis in adult cells,
but is absolutely essential for embryonic development,
underscoring the critical role of centromere formation.
While the composition of the centromere-kinetochore
complex is slowly becoming clear, how this complex as-
sembles is still largely mysterious. Marinela Perpelescu
(Nagoya University) reported that the chromatin remodel-
ing factors RSF-1 and SNFH-2 are required for this pro-
cess. These appear to be the only chromatin remodeling
factors in the interphase centromere complex and seem
to be required to load the key centromere protein CENP-
A to centromeres during interphase. Loss of RSF-1 leads
to mitotic defects, suggesting a direct relationship be-
tween the interphase assembly of centromeres and their
mitotic function.
Chromatin in Stem Cell Differentiation
Chromatin structure is nowwidely recognized to have reg-
ulatory function in gene expression. Recent observations
point to particular importance of chromatin organization
in establishment and maintenance of pluripotency in em-
bryonic stem cells (ESCs) and in lineage specification
Developmental Cell
Meeting Review(Szutorisz and Dillon, 2005). Tom Misteli (National Cancer
Institute) described several unique properties of ESC
chromatin including global decondensation, looser bind-
ing of architectural proteins, and particular histone modi-
fications including elevated levels of trimethyK27H3 and
methK4H3, which have been suggested to ‘‘prime’’ line-
age-specific genes for expression during differentiation
(Azuara et al., 2006; Bernstein et al., 2006). Strikingly,
most ESC chromatin properties are characteristic of tran-
scriptionally active chromatin, and it appears that ESCs
express large fractions of their genome at low levels.
Along the same lines, ESC chromatin is more sensitive
to DNase digestion, indicating more hypersensitive sites
in the ESC genome (Kiyoe Ura; Osaka University). Further-
more, DNA methylation also seems to play a key role in
stem cell differentiation, as indicated by her finding that
Dnmt3L, a DNA methyltransferase lacking catalytic activ-
ity, appears to be recruited to chromatin by Dnmt3a2 to
induce DNA methylation at specific genomic regions in
ESCs. The role of DNA methylation does not appear to
be limited to ESCs, but similarly applies to tissue-specific
stem cell differentiation pathways. Philippe Collas (Univer-
sity of Oslo) demonstrated that in adipose-tissue derived
stem cells adipogenic genes are generally hypomethy-
lated in a mosaic fashion and contain histone modifica-
tions which ‘‘prime’’ these genes for later expression.
These observations on ESC chromatin are likely just the
tip of the iceberg, and it seems possible that manipulating
chromatin properties will be a useful tool in controlling
stem cell fate in vivo and in vitro.
Outlook
The cell nucleus is the most complex cellular organelle,
and understanding of its function has lagged behind that
of other cellular structures. Early work in the field of nu-
clear architecture has been largely descriptive in nature.
The discovery of numerous human diseases caused by
chromatin defects and mutations in architectural proteins
of the nucleus has fueled progress in all facets of this now
rapidly moving field. The future will see the detailed eluci-
dation of how nuclear processes are organized and how
they contribute to physiological regulation. Proteomic and
genomic technologies will help to unravel how diverse nu-
clear processes are functionally linked. These advances
will provide much insight into the basic functioning of our
genetic information’s repository, but we can also hope
that they will contribute to novel diagnostic and therapeu-
tic strategies for the numerous diseases caused by de-
fects in genome organization and nuclear architecture. It’s
all coming together in the nucleus—it is an island nomore.
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